Visual attention is used to select part of the visual array for higher-level processing. Visual selection can be based on spatial location, but it has also been demonstrated that multiple locations can be selected simultaneously on the basis of a visual feature such as color. One task that has been used to demonstrate feature-based attention is the judgement of the symmetry of simple four-color displays. In a typical task, when symmetry is violated, four squares on either side of the display do not match. When four colors are involved, symmetry judgements are made more quickly than when only two of the four colors are involved. This indicates that symmetry judgements are made one color at a time. Previous studies have confounded lightness, hue, and saturation when defining the colors used in such displays. In three experiments, symmetry was defined by lightness alone, lightness plus hue, or by hue or saturation alone, with lightness levels randomised. The difference between judgements of two-and four-color asymmetry was maintained, showing that hue and saturation can provide the sole basis for feature-based attentional selection.
Introduction
A central tenet of theories of visual attention is that the sheer volume of information entering the visual system would overwhelm any capacity-limited central cognitive processor without some selection of the visual input (e.g., Pashler, 1998) . It is now well established that visual selection can operate on the basis of spatial location (Posner, Snyder, & Davidson, 1980; Liu, Wolfgang, & Smith, 2009) , simple visual features such as color (Brawn & Snowden, 1999; Vierck & Miller, 2005) , or entire visual objects (Scholl, 2001; Reppa, Schmidt & Leek, 2012) . Given that visual features and visual objects are usually segregated by location, much research has attempted to show that other forms of visual selection cannot be explained by spatial selection. In the case of objectbased selection this was achieved by using fully overlapping objects. For example, O'Craven, Downing, and Kanwisher (1999) asked observers to attend to overlapping pictures of faces and buildings. During fMRI scanning, when observers attended to the face, the fusiform face area of the cortex displayed increased activation, and when they attended to the building, there was increased activation of the parahippocampal place area. Since the combined stimulus contained both a face and a ''place'' in the same location, this differential activation must have been due to objectbased attention.
In the case of feature-based selection, the relationship to location-based selection is less clear-cut. There are two major theories of how color might underpin visual selection. The first theory is that color acts to restrict attention to the subset of visual locations occupied by that feature, and then subsequent selection relies on serial spatial attention to those locations, consistent with concept of a unitary attentional spotlight that can only be deployed to one location at a time (Wolfe, Cave, & Franzel, 1989; Shih & Sperling, 1996; Tsal & Lamy, 2000) . A second, stronger, theory of feature-based attention is based on the assumption that features can be used to select multiple locations in parallel (Bichot, Cave, & Pashler, 1999; Mordkoff, Yantis, & Egeth, 1990; Anderson, Müller, & Hillyard, 2009; White & Carrasco, 2011 ).
An interesting demonstration of spatially parallel feature-based attention was provided by Morales and Pashler (1999) . They asked their observers to judge the mirror symmetry of simple 4 Â 8 displays, where the square elements in the displays were one of four colors, with four elements of each color on either side of the display. In the simpler case of black and white displays with small numbers of elements, mirror symmetry appears to be much easier to judge than translational or rotational symmetry (see Wagemans, 1995) . A critical study is that of Baylis and Driver (1994) , who compared judgements of bilateral symmetry to judgements of translational symmetry in displays with increasing numbers of elements.
As the size of the displays increased from 4 Â 8 to 16 Â 32, search times for mirror symmetry were relatively flat, whereas search times for translational symmetry rose more steeply. Baylis and Driver (1994) concluded that search for mirror symmetry was parallel. Morales and Pashler (1999) extended this work by using two types of four-color asymmetric displays. In both cases, the colors of the four squares did not match across the midline of the display. In one type of display, these squares encompassed all four colors. In another type of display, these squares encompassed only two colors, which were doubly asymmetric. These two types of asymmetry are shown in Fig. 1 . Within a two-color asymmetric display, squares of two colors displayed an asymmetry (in fact, two violations of symmetry), whereas squares of the other two colors remained symmetric (see caption of Fig. 1 for further explanation) . The critical finding was that the asymmetry of displays with fourcolor asymmetry was faster to detect than that of displays with two-color asymmetry. This finding was not consistent with a fully serial, square-by-square evaluation of the displays (given that the number of mismatching squares was equal under the two conditions). Morales and Pashler (1999) concluded that ''although observers can verify color symmetry, they do so only by shifting attention from one color to the next and assessing regions of that color'' (p. 115). That is, in four-color displays, overall symmetry cannot be judged in parallel, but it can be judged one color at a time. The implication is that during color selection a binary feature map is formed (Huang & Pashler, 2002) , where squares are either of the selected color or are not, and these feature maps are then judged in the same way as black and white displays. If two of the colors are symmetric, and the observer selects subsets of squares one color at a time, there is a chance that asymmetry will not be detected during the first two selections. This will slow response times. In a four-color asymmetric display, the asymmetry will always be apparent on the first color selection. The difference in response times to the two types of display is therefore indicative of feature-based selection.
In this study, we employ the paradigm of Morales and Pashler (1999) to further explore how color might be used to simultaneously select multiple spatial locations. In many studies of feature based attention, ''color'' is used in a generic sense. Although colors may differ in hue, those colors may also differ in saturation or lightness. This was the case with the study of Morales and Pashler (1999) . The four primary colors that were used were not of equal lightness -instead they ranged in lightness from blue (the darkest color) through red, then green to yellow (the lightest color). There were also differences in saturation. Thus, although unlikely, it was possible that performance could have been entirely based on lightness differences. A more interesting question is whether a single dimension of color space, such as hue or saturation, can be used for feature based selection, and whether observers can attend to variations along that dimension and ignore task irrelevant variation along another dimension.
In the present study we used the judgement of symmetry to investigate whether all three cardinal directions of color space (lightness, hue and saturation) could be used as feature dimensions for the attentional selection of a subset of display elements.
General methods

Participants
University students (aged 20-25 years) volunteered to participate in the experiments. All participants had normal or corrected-to-normal near visual acuity as well as normal color vision, as assessed with an Optec 2000 Vision Tester (Stereo Optical Co.).
Apparatus
Stimuli were presented on a Barco CCID-121 monitor driven by a VSG 2/5 graphics card (Cambridge Research Systems Ltd.). The voltage-luminance relationship of the three monitor guns was linearized and the additivity of the guns checked using an OptiCal photometer (Cambridge Research Systems Ltd.) interfaced to the VSG card. The chromaticities of the red, green and blue phosphors were measured in 1 nm steps using an Spectro 320 spectrophotometer (Instrument Systems GmbH), and were defined in CIE a b Fig. 1 . Illustration of grids exhibiting two-and four-color symmetry as used by Morales and Pashler (1999) . Both grids contain 4 squares whose color does not match across the midline. Panel (a) illustrates two-color asymmetry. Below each grid, squares of each color are shown separately. The lightest two colors are symmetric across the midline. The two darker colors are ''doubly asymmetric'' -two squares of these colors do not match across the midline. Panel (b) illustrates four-color asymmetry. One square of each of the four colors does not match across the midline. If symmetry is assessed color by color, four-color asymmetry should be detected more quickly. This was found to the case in the study of Morales and Pashler (1999) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
1931 (x, y) coordinates. Throughout testing the monitor was set to a resolution of 800 Â 600 pixels with a refresh rate of 100 Hz, and the colors were specified with 12-bit accuracy.
A plastic chin rest was used to standardize the position of participants' eyes relative to the computer monitor at a distance of 88 cm. Participants viewed the stimuli in a dimly lit room and sat on a height adjustable desk chair, which ensured each participant could place their chin in the chin rest while sitting at a comfortable height. Participants entered their responses on a computer gamepad with customizable buttons. The gamepad was connected to a button box with an inbuilt timer, capable of measuring response time in milliseconds, interfaced to the serial port of the host computer.
Stimuli
Each stimulus consisted of a regular 4 Â 8 square grid with each square varying in color according to the aim of each experiment (see Fig. 2 ). Across all three experiments, each block included three different types of grids: symmetric grids mirrored around the vertical midline of the grid, two-color asymmetric grids and four-color asymmetric grids. In two-color asymmetric grids, four squares were not matched in color across the midline, but only two-colors were affected. This meant that in the case of the other two colors, a symmetric pattern was preserved (see Fig. 2a ). In the four-color asymmetric grids the asymmetry involved all four colors, so that no color defined a symmetric sub-pattern (see Fig. 2b ). The viewing distance was set at 88 cm by a chin rest which created a viewing angle of 4°for the horizontal extent of the 4 Â 8 grids. The grids were made up of squares centered at 0.5°intervals, separated by gaps of 0.05°of visual angle.
The colors used in the grids were defined in Munsell color appearance space, as outlined in the Methods sections of individual experiments. To define screen colors of a given hue, lightness and saturation, Munsell reflectance values in CIE 1931 color space were obtained from the Database of Standard Object Color of the National Institute of Advanced Industrial Science and Technology, Japan (http://riodb.ibase.aist.go.jp/ssrdoc/soba_e.html). These values were computed for CIE standard D65 illuminant at a level of 500 lux, the accepted illumination level for representing standard daylight conditions (Berger & Strocka, 1973) . A linear matrix transformation, using the CIE coordinates of the monitor phosphors, was used to determine the RGB values required to accurately reproduce the color on the monitor (e.g., Lucassen & Walraven, 1990) . The background color was set to mid-grey (D65 white) at 32.2 cd/m 2 , corresponding to a Munsell lightness of 6.25.
Procedure
Prior to experimental testing, the symmetry judgement task was explained and participants were instructed how to register responses on the gamepad. Participants were asked to respond as quickly as possible without making a large number of errors. Participants rested the index finger of their preferred hand on the button designated as 'symmetrical' and the middle finger of the same hand on the button designated as 'asymmetrical'. Participants were then shown the type of displays to be used in the experiment. Every stimulus was separated by a fixation screen with a background D65 grey of 20.6 cd/m 2 and a small light cross (51.5 cd/m 2 ) marking the fixation point.
Each display commenced with a white fixation cross in the center of the screen on a grey background. When the keyboard spacebar was pressed using the non-preferred hand, the cross was replaced by the four by eight grid of colored squares, positioned were composed of elements of constant hue that differed in saturation, with a small amount of lightness noise added to ensure that symmetry judgements were based on saturation alone. All four secondary colors used in the previous experiments were used to define the constant hue in these grids.
with the same center point as the fixation cross. The pattern of each hue in this grid could be either symmetrical or asymmetrical across the vertical midline, i.e. in the horizontal plane. Participants were instructed to assess the symmetry of the image and respond as quickly as possible using one of the two buttons on the gamepad. If an incorrect response was entered, a harsh tone sounded. Upon entry of a response, the display reverted to the fixation cross, ready for the participant to initiate the next trial. In each experimental condition, participants completed 30 practice trials, and then continued practicing until they were confident that they understood the task.
Participants then assessed displays in blocks of experimental trials, with each block consisting of 120 display trials. The four-color displays in each block included 40 symmetrical displays, 40 two-color asymmetrical displays, and 40 four-color asymmetrical displays, presented in random order. Participants were not informed of these ratios, to reduce the effect of participant expectations on response times and accuracy. Each experimental block had a limit to the number of errors that participants could make without discarding their data, and this varied between conditions depending on the relative difficulty of assessing displays in each experiment. Participants were given a five minute break between blocks.
Following completion of the blocks of experimental trials, participants were asked to describe how they determined whether the grids were symmetric or not. This was done to gain insight into whether a conscious strategy was used, and if so, what sort of strategies were employed -in particular whether they were consistent with a serial, ''color-by-color'' assessment of symmetry as proposed by Morales and Pashler (1999) .
Statistical analysis
For all analyses, response times on correct trials for each participant within each condition were aggregated using a robust measure of central tendency, Tukey's biweight (Huber, 1981) . These weighted average response times for each participant were used as the basis for repeated measures ANOVAs, and pairwise comparisons between conditions were made using t-tests. Violations of the assumption of sphericity of variance-covariance matrices were corrected by using the Greenhouse-Geisser degrees-of-freedom adjustment for F-tests (Greenhouse & Geisser, 1959) .
Experiment 1
Introduction
The purpose of the first experiment was to carry out a controlled replication of the study of Morales and Pashler (1999) , which used colors that varied markedly in lightness, as well as hue, to construct colored grids. This raises the question of whether hue added anything to lightness-based selection of color for the purpose of symmetry judgements. In order to test that question we designed grids that purposely confounded hue with lightness by employing hues that varied in lightness in equal steps in Munsell space. For comparison we used achromatic colors of the same lightnesses to construct gray-scale grids.
Methods
Sixteen participants (8 males and 8 females) took part in the experiment. The stimuli were constructed as set out in Section 2, using colors specified as follows. In order to be able to manipulate lightness and saturation independently of hue, we used secondary hues, rather than the primary hues as used by Morales and Pashler (1999) . This was because for primary hues it is difficult to make a saturated yellow at the same lightness as a saturated blue, for example. With secondary colors, it is possible to display a greater range of Munsell colors of different hues that are matched for lightness and saturation within the gamut of a monitor. To specify secondary hues we used the Munsell coordinates of unique hues as measured by Hinks et al. (2007) . We then specified secondary hues as those being midway between the unique hues in Munsell coordinates. The luminances and CIE (x, y) chromaticity coordinates of the colors and grays used in the stimuli are given in Table 1 .
Examples of the stimuli are shown in Fig. 1(a) . In these examples, there is a two-color asymmetry. In the colored version of the grid, the purple and orange squares show an asymmetry across the midline, the lime green and aqua squares are symmetric across the midline. In the achromatic version the two darker sets of squares are asymmetric across the midline whereas the two lightest sets of squares are symmetric across the midline.
Results
Average response times to colored and achromatic grids are shown in Fig. 3 . There was no significant difference between response times to colored and achromatic grids, F(1, 15) = 0.137 p = 0.716, g 2 partial = .009; nor was there any interaction between this factor and level of symmetry F(1.46, 21.90) = 0.50, p = .551, g 2 partial = .063. Thus, the patterns were highly similar and the effect sizes for differences were trivial. There was, however, a highly significant main effect for symmetry F(1.04, 15.52) = 16.72, p < .001, g 2 partial = .670. As expected, response times for symmetric grids were markedly slower than for either type of asymmetric grid. More critically, response times for grids with two-color asymmetry were significantly slower than for four-color asymmetrical grids, F(1, 15) = 27.49, p < .001, g 2 partial = .647. The pattern of errors was similar for the colored and achromatic grids, but there were too few errors to allow statistical analysis. Overall, the error rate for symmetric grids was 5.9%, for two-color asymmetric grids 9.9%, and for four-color asymmetric grids 1.1%. This suggests that the significant difference in response times to two-and four-color grids would have been greater if observers had been able to maintain a constant error rate. That is, the observed pattern of response times cannot be explained simply by a time/error trade-off.
Discussion
In this experiment the four-color asymmetrical grids were responded to significantly faster than the two-color asymmetrical grids. Response times for the symmetrical grids were the slowest, but this could be due in part to the operation of a conservative decision criterion for the absence of asymmetry. The response time and accuracy advantage for four-color asymmetric grids is consistent with the hypothesis that symmetry is evaluated 'color-by-color' as suggested by Morales and Pashler (1999) . According to that hypothesis, the asymmetry in four-color asymmetric grids is easier to detect, because the first sub-grid that is selected on the basis of color will confirm the asymmetry of the grid. Conversely, two-color asymmetrical grids are slower to evaluate because up to three subfigures need to be checked before the organization of the grid can be conclusively determined. Importantly, as both types of asymmetric grid contain four mismatching squares, a systematic search 'square by square' across the midline should not favor either type of asymmetry. The results of this experiment also showed that the addition of hue to the achromatic grids did not affect performance on the symmetry judgement task. Performance on achromatic grids was highly similar to performance on colored grids. It would appear that when hue and lightness were confounded, participants were able to identify subfigures by attending to differences in lightness alone, irrespective of hue. Although hue provided no advantage over lightness alone for the judgement of symmetry in this experiment, that is not to say that hue cannot be a feature for selection. The hypothesis that hue can be selected independently of lightness was tested in the next experiment.
Experiment 2
Introduction
Given that the previous experiment demonstrated that the addition of hue to grids already containing significant lightness contrast did not affect the speed of symmetry judgement, the question arises as to whether hue on its own can provide the basis for symmetry judgement. In order to isolate the effect of hue on symmetry judgements and hence on feature-based selection, we used the technique of lightness noise masking (Sankeralli & Mullen, 1997) . This technique obviates the need to perfectly match colors for lightness, which is very difficult to achieve in practice. Any slight mismatch in the lightness of different hues would raise the possibility that symmetry judgements were still being made on the basis of lightness. By randomly varying hues in Munsell lightness within a specified range, any such mismatch is effectively masked, forcing the observer to rely on hue alone to make the symmetry judgement.
Methods
Sixteen students (8 males 8 females, the same individuals who participated in Experiment 1) viewed three blocks of 120 grids. Each block of grids contained four different hues randomly assigned to squares in the grid within the parameters of the three different types of organization (symmetric, two-color asymmetry, four-color asymmetry). In order to mask any luminance mismatch between hues that might support symmetry judgement, lightness noise was introduced by randomly assigning different lightness levels to squares of each hue. The average lightness level was maintained at a Munsell lightness value of 6.25. As given in Table 2 , the lightness of each square was randomly assigned one of four Munsell lightness value around this average, depending on what level of noise contrast was being employed, low, medium or high. Examples of the resulting grids are shown in Fig. 2(b) . The top panel of Fig. 2(b) shows the lowest level of lightness noise masking. Attending to squares of a particular hue reveals that their lightnesses are very similar. The bottom panel of Fig. 2(b) represents an example of the highest level of luminance noise masking. Here it can be seen that squares of a different hue can be appreciably lighter or darker.
Observers were instructed to make their symmetry judgements on the basis of hue alone, ignoring any mismatches in lightness. One practice block of 40 trials was completed for the low and high lightness noise conditions (the medium lightness noise condition was excluded to reduce practice time in favor of experimental trials). All three blocks were subsequently completed with the order of presentation counterbalanced between participants.
Results
Average response times to colored grids with different levels of lightness noise added are shown in Fig. 4 . There was no significant interaction between the level of lightness noise and degree of symmetry, F(1.48, 22.13) = 1.30, p = .284, g 2 partial = .080). Independently, however, lightness noise and symmetry both showed significant main effects, F(1, 22) = 6.91, p = .009, g 2 partial = .315, and F(1, 16) = 23.01, p = <.001, g 2 partial = .605, respectively. Increasing the level of lightness noise therefore increased response times, but the effect was additive to that of the degree of symmetry. Overall, there was a significant difference between response times to two-color and four-color asymmetric grids, F(1, 15) = 22.37, p 6 .001, g 2 partial = .599. The pattern of errors was consistent with that seen in Experiment 1, averaging 7.7% for symmetric grids, 12.8% for two-color asymmetric grids and 1.6% for four-color asymmetric grids.
As the same group of observers participated in Experiments 1 and 2, we did not ask them how they thought that they evaluated symmetry until both experiments were completed. The last twelve of the sixteen observers were questioned. Only one observer reported exclusive reliance on a serial, color-by-color strategy when assessing symmetry. Another observer relied on ''pop-out'' of the asymmetry followed by a color-by-color check. Four other observers used a color-by-color check, in combination with a square-bysquare check, most commonly out from the midline. The remaining observers reported that they relied on a combination of pop-out and systematic square-by-square search, without checking colorby-color. So, at least at a conscious level, only some of the observers, on some trials, employed sequential search by color to evaluate symmetry.
At the suggestion of an anonymous reviewer we attempted to examine the relationship between the strategy used to judge symmetry and the magnitude of the difference in response times to two-and four-color asymmetry. We examined the individual main effect of this factor across all three conditions used in Experiments 1 and 2. Although all observers exhibited an effect in the predicted direction, there was no obvious correlation with their conscious strategy. The observer who used only a color-bycolor strategy had one of the smallest effects, and a relatively slow overall reaction time. In contrast, some of the observers who used combinations of ''pop-out'' and systematic search showed large effects. This suggests that a conscious color-by-color strategy is not required to observe this effect. Given that a systematic square-by-square search would not yield the effect, it seems that feature-based selection may arise from unconscious processing. The sample size was too small to isolate this question any further, especially given that most observers used more than one strategy, and it is impossible to know what the balance between these strategies was on a trial-by-trial basis, or even within a trial.
Discussion
The response time trend seen in the first experiment was also apparent in this experiment. Participants were significantly faster in responding to four-color asymmetric grids than to two-color asymmetric grids. Response times to symmetrical grids were again slowest. Due to the use of random lightness noise, participants were unable to rely on lightness differences to select subfigures. Instead, they must have relied on hue as a feature for selection. It would therefore appear that both lightness and hue can be used as independent features for selection. Interestingly, performance at the lowest levels of lightness noise was similar to that obtained in Experiment 1 with grids defined by high levels of lightness contrast. This suggests that hue provides an efficient basis for selection.
Experiment 3
Introduction
The previous experiments showed that both lightness and hue can be used for feature-based selection of subsets when evaluating grids for violations of bilateral symmetry. In this experiment we addressed the question of whether the remaining dimension of color space, that of saturation, can be used independently of hue (which was held constant within a particular grid), and lightness, which was rendered uninformative by the use of lightness noise masking.
Methods
Twelve students (7 males 5 females) viewed two blocks of 120 grids, involving 240 stimuli in total. Two blocks were used to increase statistical power, as pilot testing indicated the task was more difficult, taking longer and producing more variance in response time and more errors than in previous experiments. The grids contained squares ranging in four equal increments from desaturated to saturated variants of the same hue (Munsell saturations of 3, 5, 7 or 9). That is, only one hue was used for each grid -see Fig. 1(c) for an example of a grid made up of orange hues of different saturations. Within each block the grids were composed of the same secondary hues that were used in previous experiments (orange, purple, aqua, lime -see Table 1 ) and a low level of random lightness noise (see first row of Table 2 ) was added to each square in the grid to ensure that the symmetry judgement was based on saturation value. The hues were randomly intermixed within a block. As in previous experiments, there were three symmetry conditions (symmetric, two-color asymmetry, fourcolor asymmetry). One practice block of 120 trials was given before the two test blocks were presented.
Results
Average response times to saturation-defined grids, plotted separately by block, are shown in Fig. 5 . The main effect for block was significant, F(1, 11) = 23.31, p 6 .001, g 2 partial = .679, as was the main effect for symmetry, F(1.04, 11.39) = 11.10, p = .006, g 2 partial = .502. The interaction of block and symmetry, however, was not significant, F(1.21, 13.29) = 0.646, p = .464, g 2 partial = .055. This reflects the fact that response times improved with practice irrespective of degree of symmetry. As in the previous experiments, response times to four-color asymmetric grids were faster than those to two-color asymmetric grids, F(1, 11) = 14.61, p = .003, g 2 partial = .570. Error rates were higher than in previous experiments, averaging 29.1% for symmetric grids, 30.7% for twocolor asymmetric grids and 10.0% for four-color asymmetric grids. The higher error rate permitted statistical analysis within the same framework used for response times. This showed that the overall difference in error rates for two-color and four-color asymmetric grids was highly significant, F(1, 11) = 17.30, p = .002, g 2 partial = .611. Consistent with the results of the earlier experiments, responses to four-color asymmetric grids were both the fastest and the most accurate.
With regard to the strategies that observers used to evaluate symmetry, only one observer in this experiment reported using a conscious color-by-color strategy (in combination with a systematic square-by-square search). The remaining eleven observers reported that the asymmetry popped-out, or that they used a squareby-square search for asymmetry, or both. Two of these eleven observers relied solely on systematic search, another two solely on pop-out. An analysis of individual main effects (collapsed across blocks) was consistent with that of Experiments 1 and 2. The sole observer who used a color-by-color strategy (who participated in the previous experiments but did not previously use this strategy) actually showed a mild reverse effect, the only such effect observed. On the other hand, several, but not all, observers who used a ''pop-out'' strategy showed strong effects. Of the two observers who relied solely on ''pop-out'', one had one of the strongest effects, the other one of the weakest effects. Intriguingly, the two observers who reported using only a systematic search had moderate effects, but there was some ambiguity in their responses. Again, it is not possible to determine what mixture of strategies was used across and within trials for most observers.
Discussion
Participants' response times followed the same trend as in previous experiments. Practice effects were apparent but the pattern of responding was consistent between blocks. After controlling for hue, and in the presence of lightness noise, participants were still able to correctly identify the organization of the grids, and there was an advantage for four-color over two-color asymmetric grids. It should be noted, however, that the error rate was quite high and response times on average were slower than in the first two experiments. This could be due to the difficulty participants may have experienced in distinguishing the four different levels of saturation as compared to the distinct hue and lightness values used in the first two experiments. According to Brainard (2003) , in Munsell space one step in lightness is approximately equivalent in color dissimilarity to two steps in saturation (chroma). The equivalent distance in hue value is three steps, at a chroma of 5. The hues used in the previous experiments were very distinct (as in previous studies of color-based selection), being separated by at least 20 hue steps at a chroma of 9. A consideration of the relative effectiveness of saturation as the basis for selection is therefore not possible (even assuming that color appearance is an appropriate metric). The only firm conclusion to be drawn from the results of this experiment is that saturation can be used independently as the basis for selection.
General discussion
In all three experiments there was a response time and error advantage when asymmetric grids involved all four colors defining the grid, rather than only two colors. This indicates that at least a component of symmetry judgement involves the selection of a subgroup of grid elements (a ''grouped array'' or binary feature map) on the basis of their color. Taken together, the experiments demonstrated that this feature-based selection could be based on lightness, hue or saturation. Thus, attentional selection by visual feature can be based on all aspects of color contrast, not just lightness contrast, confirming the generality of the results of Morales and Pashler (1999) . The results of the second experiment showed that hue alone could be used as the basis for feature-based selection of a grouped array independently of lightness, at least at the levels of lightness noise used in the experiment. Finally, the third experiment showed that saturation could be used as a basis for feature-based selection with hue held constant and a low level of lightness noise to mask any slight differences in lightness between different saturation levels.
In the second experiment, observers were required to make judgements of symmetry based on hue in the presence of increasing amounts of lightness noise. They were still able to make these judgements, and the advantage of four-color over two-color asymmetry held, indicating feature-based selection based on hue. There was a constant additional cost as lightness noise increased. This cost could have been due to the increasing time requirement to filter hue from lightness noise so that judgement could be based on hue alone. Alternatively, as one observer remarked, it may have been necessary for observers to check whether signs of asymmetry were due to lightness noise and not hue differences. Whatever the source of this additional cost, it appears to be additive to, and independent of, the feature-based selection stage.
The time and error advantage for four-color asymmetric displays does not prove that feature maps defined by the presence or absence of a particular color (broadly defined) are necessarily formed and then evaluated for symmetry in a serial manner, as proposed by Morales and Pashler (1999) . As pointed out by Townsend, Yang, and Burns (2011) in the context of visual search, it is extremely difficult to distinguish between serial and parallel attentional processes on the basis of observational data. Indeed, there are parallel search models that also make predictions that are qualitatively consistent with our findings and with previous findings using the symmetry judgement paradigm (Morales & Pashler, 1999; Huang & Pashler, 2002) . If it is assumed that feature maps can be formed and processed in parallel, then a redundancy-gain model (van der Heijden, La Heij, & Boer, 1983) would also predict a response time advantage for four-color asymmetric grids. In a simple parallel race model (Raab, 1962) , the more feature maps that contain an asymmetry, the more likely it is that one such map will reach decision threshold within a given time.
This possibility was supported by many of the participants reporting that they initially waited for something to ''pop out'' to make their decision. Only two of our participants reported that they used a serial search strategy whereby they selected one color at a time from the grid in order to evaluate symmetry, and they did not show strong effects of asymmetry. Rather, many of the participants mentioned that after their initial reliance on a pop out, they began a checking procedure involving checking ''column by column'' from the midline outward, or other systematic strategies. These strategies would not favor four-color over two-color asymmetric grids. The advantage for four-color asymmetric displays may therefore reflect only that subset of trials where an asymmetry became apparent without the need for a systematic search, and even then this advantage could have been the product of redundancy gain within a parallel search framework. Nonetheless, the very robust advantage associated with four-color asymmetric displays only seems explicable by some type of color-based selection. Our findings therefore confirm that feature-based selection can be based on the lightness, hue or saturation of the selected colors.
